Background-Atherosclerosis is known to impair vascular function and cause vascular stiffening. The aim of this study was to evaluate the potential predictive role of vascular stiffening in the early detection of atherosclerosis. Therefore, we investigated the time course of early functional and morphological alterations of the vessel wall in a murine atherosclerosis model. Because initial lesions are distributed inhomogeneously in early-stage atherosclerosis, MR microscopy was performed to measure vascular elasticity locally, specifically the local pulse wave velocity and the arterial wall thickness. Methods and Results-Local pulse wave velocity and the mean arterial wall thickness were determined in the ascending and the abdominal aortae of ApoE −/− and wild-type mice. In vivo MRI revealed that baseline pulse wave velocity and morphology were similar in 6-week-old ApoE −/− and WT mice, whereas at the age of 18 weeks, local pulse wave velocity was significantly elevated in ApoE −/− mice. Significantly increased vessel wall thickness was not found in ApoE −/− mice until the age of 30 weeks. Histological analysis of the aortae of ApoE −/− and WT mice showed that increased pulse wave velocity coincided with the fragmentation of the elastic laminae in the arterial wall, which is hypothesized to induce early vascular stiffening and may be promoted by macrophage-mediated matrix degradation. Conclusions-We newly report that the assessment of local pulse wave velocity via MRI provides early information about the local progression of atherosclerosis before macroscopic alterations of the vessel wall occur. (Circ Cardiovasc Imaging. 2013;6:916-923.) share senior authorship. The online-only Data Supplement is available at http://circimaging.ahajournals.org/lookup/suppl/
T o manage the increasing number of patients with cardiovascular disease in an aging population, 1 strategies for therapeutic intervention in the early stages of the disease are needed to prevent adverse events such as myocardial infarction or stroke. Major components for accomplishing this goal are a detailed understanding of the pathophysiology of earlystage atherosclerosis and reliable techniques to detect those.
Clinical Perspective on p 923
Atherosclerosis is known to lead to decreased vascular elasticity and compliance because of increased arterial stiffness. 2 Up to now most clinical applications evaluating vessel wall stiffness are focused on the measurement of parameters reflecting global vessel wall elasticity, such as the carotid-femoral-pulse wave velocity (PWV). [3] [4] [5] [6] [7] The formation of initial atherosclerotic lesions, however, is a local process 8 requiring imaging capabilities that account for the heterogeneous nature of plaque distribution. We hypothesized that, in particular, early alterations of local vascular stiffness provide a high predictive value for successive lesion development. However, in contrast to the determination of global PWV, which merely reflects the average travelling speed, noninvasive access of the local PWV is challenging. Therefore, we recently introduced an MRI method that allows the examination of local PWV. 9, 10 In the present study, we applied this technique to monitor the natural progression of atherosclerosis in the murine aorta and correlated local PWV with vessel wall thickness in serial measurements. Both parameters were examined in vivo in wild-type (WT) control mice and apolipoprotein E-deficient (ApoE −/− ) mice, which spontaneously develop atherosclerotic lesions of morphology similar to those observed in humans. 11, 12 Local PWV and vessel wall thickness were evaluated by timeresolved flow and morphology measurement using ultrahighfield MR microscopy at 17.6 T. In addition, we performed histological examinations to investigate structural changes of the vessel wall at the time of imaging.
Methods
All in vivo MR experiments were performed on a 17.6-T MRI system (Bruker Avance 750, Bruker Biospin, Rheinstetten, Germany) with an 89-mm vertical bore. As radio frequency transmission and receiver coils, we used 2 custom-built birdcage resonators with an inner diameter of 20 mm for mice of <24.0 g bodyweight and of 25 mm for mice >24.0 g bodyweight. For heartbeat synchronized sequence timing and the suppression of respiratory motion artifacts, a respiratorygated cardiac trigger was realized by the use of a pneumatic sensing balloon and a custom-built trigger unit.
Local PWV and vessel wall thickness were measured in the ascending aorta, representing a predilection site for plaque formation, and in the upper abdominal aorta, representing a location with mild atherosclerotic burden (Figure 1 ). For the localization of the ascending and the abdominal aortae, a set of 2-dimensional fast-low-angle-shot (FLASH) experiments was performed. MR measurements in the ascending aorta were conducted at the level of the crossing of the pulmonary artery and in the abdominal aorta at a level of ~2 mm below the diaphragm.
Animal Protocol
A total of 80 mice were used in this study. Four-week-old female ApoE −/− and WT C57Bl/6 mice were obtained from Charles River Laboratories (Sulzfeld, Germany). The ApoE −/− mice (B6.129P2-ApoE tm1Unc/ J, Stock Number: 002052) had been backcrossed into the C57BL/6J genetic background for at least 10 generations. The ApoE −/− groups were placed on an atherogenic Western-type diet (TD88137, ssniff GmbH, Soest, Germany) starting at the age of 4 weeks, whereas the WT control mice were fed a regular chow diet for the duration of the study. The Western-type diet contains more fat and cholesterol than a normal chow diet and accelerates the formation of atherosclerosis in ApoE −/− mice. WT C57Bl/6 mice do not develop significant atherosclerosis.
MR experiments with morphological examination and local PWV measurements were performed in 2 groups consisting of 14 WT C57Bl/6 and 18 ApoE −/− mice. Out of these groups, varying subsets of 10 WT C57Bl/6 and 12 ApoE −/− mice were imaged serially at the age of 6, 18, and 30 weeks in a follow-up setup (see online-only Data Supplement for detail). For histological examination of the elastin fragmentation, additional 24 ApoE −/− and 24 WT C57Bl/6 mice were euthanized. Eight mice from each group were euthanized at the age of 6, 18, and 30 weeks.
All experimental procedures were in accordance with institutional guidelines and were approved by the Institute of Animal Care of the district government of Lower Franconia.
Morphological MRI
For imaging vessel wall morphology, a multi-slice-multi-spin-echo (MSME) sequence was used (slices = 8; echoes = 3; averages = 3; TE=9 ms; TR≈1000 ms; matrix = 256 × 256; pixel size = 78 × 78 × 400 µm 3 ), which was positioned perpendicular to the aorta. To realize a black blood effect, a trigger delay was applied starting data acquisition at the beginning of systolic flow. The obtained images were analyzed using Amira 3.1 (Visage Imaging, San Diego, CA). For that, the luminal area and the whole cross-sectional area of the vessel were measured by computer-assisted planimetry ( Figure 1H ). Because the vessel wall area depends linearly on the vessel diameter and the vessel diameter was not equal for all mouse groups (Table) , we report the mean vessel wall thickness. The mean vessel wall thickness was determined by subtracting the inner and outer vessel radii, which were calculated out of the luminal and whole cross-sectional vessel area. This was done in 3 subsequent slices in the abdominal aorta, respectively, in 2 to 3 subsequent slices in the ascending aorta depending on the length of the ascending aorta.
MRI of the Local PWV
Under the assumption of a reflectionless and unidirectional waveform in the early systolic flow pulse, the local PWV can be approximated by PWV=dQ/dA (Q(t), volume flow through the vessel; A(t), crosssectional area of the vessel) with the data of a single slice. 9, 13 For the measurement of the time course of the parameters Q and A, a highresolution phase-contrast (PC) Cine-FLASH sequence was performed perpendicular to the aorta with through plane flow encoding (slices, 1; TE=1.7 ms; TR=5 ms; matrix, 150 × 150; pixel size, 147 × 147 × 1000 µm 3 ; frames per heart cycle, 40). By the use of an interlaced acquisition mode, a temporal resolution of 1 ms could be achieved. This method is sensitive to cardiac arrhythmia; consequently, datasets 
Histological Analysis
The aortae were excised and perfused with Tissue Tek O.C.T. Compound (Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands), fixed in liquid nitrogen, and stored at −80°C. Serial, transversely cut 8 µm sections of the upper abdominal aorta were collected. For visualization of the elastic laminae, the sections were stained with Weigert's resorcin fuchsin component of the Elastica van Gieson staining kit (Merck KGaA, Darmstadt, Germany). Elastin fragmentation was quantified by counting the number of fractures in the elastic laminae in 3 subsequent sections of the upper abdominal aorta. Simultaneously, the aortic media cross-sectional area was traced manually. The density of elastin fragmentation was then calculated by dividing the number of fractures by the aortic media cross-sectional area.
In all groups, immunohistochemical staining for macrophages (CD68; AbD Serotec, Oxford, UK) was performed. Immunopositive areas were segmented by computerized planimetry using ImageJ (National Institute of Health) and expressed as a percentage of the total vessel wall area. In the 18-week-old groups, additional double immunofluorescence staining for CD68 together with matrix metalloproteinase-9 (MMP-9; Aviva Systems Biology, San Diego, CA) and for CD68 together with neutrophil elastase (NE; Abcam, Cambridge, UK) was performed. Sections were counterstained with 4′,6-diamidino-2-phenylindole for visualization of nuclei.
Statistical Analysis
All data are expressed as mean±SEM. Statistical analysis was conducted with SPSS software (SPSS, Chicago, IL). Normal distribution of data was confirmed using the Shapiro-Wilk test, and homogeneity of variances was tested with Levene's test. Differences between ApoE −/− and WT control mice were tested using an unpaired 2-tailed Student t test for normally distributed data and a nonparametric Mann-Whitney U test for not normally distributed data. Changes over time in the individual groups were evaluated using a linear mixed effects model with Bonferroni post hoc comparison. A P value of <0.05 was considered statistically significant, and a P value of <0.01 was considered highly significant.
Results

In Vivo MRI of the Vessel Wall Morphology
In the ascending aortae of ApoE −/− mice, a slight thickening of the vessel wall could be observed at the age of 18 weeks. The mean vessel wall thickness increased significantly (P=0.003) compared with 6-week-old ApoE −/− mice. However, because of a small growth of vessel wall thickness in the WT control group between the age of 6 and 18 weeks, no significant difference was perceived between both groups at the age of 18 weeks (6 weeks: ApoE −/− 96±2 versus WT 96±2 µm, P=0.901; 18 weeks: ApoE −/− 108±4 versus WT 100±2 µm, P=0.093). At the age of 30 weeks, ApoE −/− mice showed massive accumulation of atherosclerotic plaque in the ascending aortae, which results in a highly significant increase in mean vessel wall thickness compared with the WT group (30 weeks: ApoE −/− 142±5 versus WT 103±3 µm, P<0.001; Figures 2A and 3A) .
Morphological MRI of the abdominal aorta revealed no significant difference in vessel wall thickness between ApoE −/− and WT control mice at the age of 6 and 18 weeks (6 weeks: ApoE −/− 93±3 versus WT 91±4 µm, P=0.54; 18 weeks: ApoE −/− 95±3 versus WT 93±1 µm, P=0.56). At the age of 30 weeks, first formation of atherosclerotic plaque became visible in the abdominal aortae of ApoE −/− mice, and mean vessel wall thickness increased highly significantly compared with 18-week-old ApoE −/− mice and age-matched WT control mice (30 weeks: ApoE −/− 117±3 versus WT 99±4 µm, P<0.01; Figures 2B and 3C ).
Local Vascular Stiffening Detected by MRI Precedes Morphological Alterations
Baseline local PWV in the ascending aorta was similar in ApoE −/− and WT control mice at the age of 6 weeks (6 weeks: ApoE −/− 1.7±0. Figure 3B ). The elastic properties of the abdominal aorta characterized by the local PWV showed a similar dynamic like the elastic properties of the ascending aorta. In the abdominal aorta, local PWV was significantly elevated in ApoE −/− mice compared with WT mice at the age of 18 and 30 weeks (6 weeks: ApoE −/− 2.0±0.1 versus WT 1.9±0.1 m/s, P=0.72; 18 weeks: ApoE −/− 2.9±0.1 versus WT 2.2±0.2 m/s, P<0.01; 30 weeks: ApoE −/− 3.1±0.3 versus WT 2.3±0.1 m/s, P=0.012; Figure 3D ).
Elastin Fragmentation and Macrophage Infiltration Coincide With Elevated PWV Values
At 18 weeks, the abdominal aortae of ApoE −/− mice exhibited increased local PWV without simultaneous occurrence of macroscopic alterations of the vessel wall. To investigate possible changes in the ultrastructural composition of the vessel wall, we performed histological analyses of the abdominal aorta in age-matched ApoE −/− and WT control mice. We determined elastin fragmentation, which has been proposed to contribute to arterial stiffening. 14 The elastin fragmentation was quantified by counting the number of interruptions in elastic laminae and normalizing it to the aortic media cross-sectional area. The density of elastin fractures was not significantly different between both groups at the age of 6 weeks (P=0.23). In older ApoE −/− mice, the elastin fragmentation increased significantly compared with WT mice by 47% (P=0.011) at the age of 18 weeks and by 50% (P=0.013) at the age of 30 weeks (Figure 4) . To investigate the cause of elastin fragmentation, we analyzed the inflammatory activity in the vessel wall over time. By fluorescence microscopy, macrophage infiltration was significantly elevated in the vessel walls of 18-week-old ApoE −/− mice (P<0.01) and 30-week-old ApoE −/− mice (P<0.001). Double immunofluorescence revealed that macrophages were colocalized with the elastolytic enzymes MMP-9 and neutrophil elastase (Figure 5A and 5B) .
Mice Weights and Arterial Diameters
There was no significant difference in mean weight between ApoE −/− and WT control mice except at the age of 6 weeks, where ApoE −/− mice showed a slightly but significantly elevated weight (ApoE −/− 19.2±0.4 versus WT 18.1±0.3 g, P<0.01). The arterial diameters were similar between ApoE −/− and WT mice at the age of 6 and 18 weeks; however, at the age of 30 weeks, ApoE −/− mice exhibited moderate but significant dilatation of the ascending and the abdominal aorta (ascending aorta: ApoE −/− 1.68±0.03 versus WT 1.56±0.04 mm, P=0.043; abdominal aorta: ApoE −/− 1.22±0.03 versus WT 1.11±0.03 mm, P=0.013). A synopsis of all data is presented in the Table. Discussion MRI has emerged as the leading imaging modality to characterize and monitor advanced atherosclerotic lesions in vivo regarding their vulnerability, inflammatory activity, or impairment of endothelial function. [15] [16] [17] [18] [19] [20] Providing reliable techniques to identify atherosclerotic lesions in the early stages, however, is still challenging. In this study, we could show that alterations of local vascular elasticity precede the formation of atherosclerotic lesions.
We used in vivo MR microscopy to investigate the time course of the vessel wall thickness and local PWV during early stages of atherosclerosis in ApoE −/− and WT control mice. Although initial PWV and vessel wall thickness were similar between the 2 groups at the age of 6 weeks, ApoE −/− mice exhibited a significant increase of the local PWV at the age of 18 weeks. Morphological manifestations of atherosclerosis reflected in significant vessel wall thickening, however, could not be detected until the age of 30 weeks.
In previous studies, MRI has proven its capability to measure the size of atherosclerotic lesions accurately at early stages of murine plaque evolution. 21, 22 The results of our morphological measurements are in close agreement with a previous study by Choudhury et al, 23 who performed serial morphological MRI measurements of the development of atherosclerosis in the abdominal aortae of ApoE −/− mice and demonstrated that the aortae remained free of atherosclerosis until the age of 20 weeks. Those studies, however, did not investigate the elastic properties of the vessel wall.
Although MRI has recently been used to quantify impaired vascular elasticity via global PWV, 24 vascular distensibility, 25 and endothelial function 18, 20 in humans, those studies were limited to patients with morphologically manifest atherosclerosis. PWV and vascular distensibility are parameters describing the arterial stiffness, which is primarily determined by the extracellular matrix, whereas the endothelial function measures the ability of the endothelium to regulate vascular tone in response to a variety of stimuli such as acetylcholine or physical exercise. Lately, it was shown that contrast-enhanced MRI using iron oxide-and gadolinium-based contrast agents can visualize atherosclerotic lesions in young ApoE −/− mice in the brachiocephalic artery, a predilection site for atherosclerotic lesions. 26, 27 A recent study from our group indicated that the change in cross-sectional vessel area during systole, a parameter related to vascular elasticity, is already impaired in the early stages of atherosclerosis. 28 The systolic cross-sectional change in vessel area, however, is not an independent parameter of vascular elasticity because it depends on cardiac output. In the presented study, therefore, we assessed the local PWV, which is quantitatively related to the vessel wall elasticity by the Moens-Korteweg equation. 29, 30 A major novelty of this study is the observation of abnormal vascular stiffness before atherosclerotic lesions are detected. This finding suggests that the local PWV provides superior sensitivity for detecting local variations of vascular elasticity, which may be masked by the commonly used global PWV. An important confounder for determining vascular stiffness is blood pressure. Because of the nonlinear elastic properties of the vessel wall, increased distending pressure leads to decreased distensibility and results, therefore, in elevated PWV values. 29, 30 However, ApoE −/− mice are known to be normotensive in the early and medium stages of atherosclerosis. [31] [32] [33] [34] The impairment of vascular function in ApoE −/− mice without accompanying observable morphological manifestation of atherosclerosis implies possible ultrastructural alterations of the vessel wall. Morphological investigations imply that arterial stiffening may be caused by fragmentation of elastin laminae in the vessel wall. [35] [36] [37] Hence, we quantified elastin fragmentation by determining the number of fractures in the elastic laminae and normalizing it to the cross-sectional area of the aortic media. Thereby, a quantitative parameter describing the density of elastin fractures was created. We found that elastin fragmentation in ApoE −/− mice rises significantly compared with WT mice before a thickening of the vessel wall could be observed by in vivo MRI. Overall elastin fragmentation and local PWV showed similar temporal dynamics. These findings support the concept of elastin fragmentation playing a major role in early vascular stiffening. O'Rourke 38, 39 introduced a model explaining the causal chain between elastin fragmentation and vascular stiffening. According to this model, the elastic laminae are parallel to the stiffer collagenous fibers in the vessel wall. Thus, by fragmentation of the elastic laminae, stress is consequently transferred to the more rigid collagenous components of the arterial wall, thereby resulting in vascular stiffening. The initial cause of elastin fragmentation, however, is still a subject of ongoing research. Enzymatic degradation accompanying inflammatory processes is likely to play a key role. 40, 41 Studies in human and murine atherosclerosis have shown the crucial role of macrophage-induced expression of elastolytic active MMP-9 and neutrophil elastase for matrix breakdown and plaque rupture of advanced atherosclerotic lesions. 42, 43 A previous observational study in patients with isolated systolic hypertension showed a positive correlation between serum MMP-9 levels and arterial stiffness, suggesting that MMP-9 may be involved in the process of arterial stiffening. 44 Using fluorescence microscopy, we found that vascular stiffening and elastin fragmentation were accompanied by macrophage infiltration in the vessel wall. Macrophage infiltration was colocalized with MMP-9 and neutrophil elastase expression in ApoE −/− mice at an age when vascular stiffening was present. This implies that the novel approach of local PWV measurements allows for visualizing and monitoring the effect of initial inflammatory processes in the vessel wall before morphological alterations can be determined. In addition to matrix breakdown, macrophage infiltration is also known to trigger ineffective elastogenesis, 45 which potentially modulates vascular elasticity. In future studies, the new approach of noninvasively assessing atherosclerotic plaque burden and plaque elastin content by the use of an elastin-specific MR contrast agent 46, 47 and the local PWV determination may provide synergistic information to generate a deeper understanding of the significance of elastin breakdown and ineffective elastogenesis in early-stage atherosclerosis.
In human atherosclerosis, the onset and temporal development of local vascular stiffening is unknown. A recent study in hypercholesterolemic children reported that global PWV, but not intima-media thickness, is an early indicator of vascular damage in this particular patient group. 48 This report emphasizes the relevance of local vascular stiffening in human atherosclerosis and stresses the need for further investigation of the interrelation between atherosclerosis and the elastic properties of the vessel in the early stages of the disease. Because the local PWV measurements can be done using clinically available MR hardware and no approval for contrast agents or other reagents is needed, translation of this method to patients with cardiovascular disease is feasible to further investigate the significance of early arterial stiffening in the development of human atherosclerosis. Thus, future clinical application of this method may allow for early detection of atherosclerosis and might thereby provide a window of opportunity for diagnosis and therapeutical intervention well before symptoms occur. In an experimental setup, the technique has potential to advance basic knowledge of the role of vascular stiffening in the pathophysiology of atherogenesis and other conditions such as Marfan syndrome and aortic aneurysms.
